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INTRODUCTION
Increasing knowledge of the perforator vessel anatomy and skin 
perfusion has enabled clinicians to use the perforator flap tech-
nique in reconstructions after various defects [1]. This tech-
nique was pioneered by Koshima and Soeda [2], who marked 
the beginning of the perforator flap era in 1989 when they de-
scribed the first inferior epigastric artery skin flap without rectus 
abdominis muscle, thereby reducing the associated morbidity at 
the donor site. Since then, major efforts have been made to im-
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prove the outcomes of perforator flaps and thereby to widen the 
indications for this surgical technique, including, in recent years, 
the development of local pedicled perforator flaps [3] that do 
not require microsurgical anastomoses. Although they have the 
advantages of reducing morbidity and overall operating time 
[4], local perforator flaps seem to have a higher rate of partial 
necrosis [5], which has prompted researchers and clinicians to 
search for methods of increasing perforator flap survival. 
Vessel manipulation, whether aimed at increasing inflow or 
optimizing outflow, has been frequently employed by research-
ers in order to influence the survival of perforator flaps, with 
largely inconclusive results [6-10]. In all models, inflow and/or 
outflow manipulations were performed by selectively adding 
new vascular sources, a procedure that is often difficult to use in 
clinical situations. From a clinical point of view, the main advan-
tages of local perforator flaps are the rapidity of the procedure 
(compared to free tissue transfer), reconstruction with tissues 
located near the defect (“like with like”), and the absence of any 
need for microvascular surgery [11]. Efforts to improve the reli-
ability of perforator flaps should preserve these advantages. 
Therefore, any vascular manipulations should aim not to limit 
flap transposition and not to add a microvascular procedure. 
However, experimental studies with the goal of increasing flow 
in the pedicle of the flap are lacking. Our study was conducted 
to address this lack of experimental data, and therefore aimed to 
evaluate the effect of optimizing arterial inflow in the pedicle it-
self on flap perfusion and survival in a rat musculocutaneous 
perforator flap model. 
METHODS
Thirty Lewis rats weighing 250–300 g were used for this study. 
All animals were treated according to the Public Health Service 
Policy on Humane Care and Use of Laboratory Animals during 
the entire experiment. They were provided with standard labo-
ratory food and water ad libitum throughout the entire observa-
tion period and their health status was assessed daily. This study 
was approved by the Ethics Committee for Animal Experimen-
tation, Bern, Switzerland (approval No. 89/16).
Based on the model presented by Coskunfirat et al. [12], we 
elevated a posterior thigh perforator flap in all animals and dis-
sected the musculocutaneous perforator up to its emergence 
from the femoral vessels in all rats. We randomly assigned the 
rats to the following experimental groups based on how the vas-
cular pedicle was manipulated, as follows: (1) Control (n = 10): 
no vascular manipulation, flap was sutured back in its original 
position; (2) Acute inflow optimization (n = 10): the femoral 
artery was ligated just distal to the emergence of the perforator 
at the time of flap raising, and the flap was then sutured back in 
its original position; (3) Arterial preconditioning (n = 10): liga-
tion of the femoral artery distal to the emergence of the perfora-
tor was performed through inguinal crease incision 5 days be-
fore flap raising. Five days later the flap was raised as described 
below and sutured back in its original position. 
All procedures were performed under continuous inhalation 
anesthesia. To induce anesthesia, rats were placed in an induc-
tion chamber, where 5% isoflurane with oxygen (1 L/min) was 
administered for 2–3 minutes. Maintenance anesthesia was then 
administered using 1%–1.5% isoflurane with 0.6 L/min oxygen. 
A normal body temperature was maintained through thermal 
pads, and the rats were treated with ophthalmic ointment in both 
eyes to prevent desiccation. Preemptive analgesia was applied 
through a subcutaneous injection of buprenorphine (50 μg/kg) 
30 minutes preoperatively and postoperatively as needed accord-
ing to a standardized animal welfare checklist.
Surgical technique of flap raising
The right half of the rats’ dorsum was shaved and operative 
markings were drawn in a similar manner for all animals, with a 
rectangle measuring 9 cm in length and 3 cm in width, begin-
ning at a line uniting the knee joint anteriorly and the ischial tu-
berosity posteriorly. The midline of the rectangle was drawn, 
along with the following three points: P1, 2 cm cranial from the 
caudal border (approximately overlying the perforator); P2, 3 
cm cranial from P1; P3, 3 cm cranial from P2. 
After incising the entire flap, a retrograde flap elevation under-
neath the panniculus carnosus was performed until the posteri-
or thigh perforator, arising through the biceps femoris muscle, 
was identified. It was then carefully dissected, leaving a muscle 
cuff around the perforator to ensure a complication-free dissec-
tion. The perforator was followed until the femoral vessels were 
reached on the medial side of the thigh. An additional incision 
was placed in the inguinal crease to gain access to the femoral 
vessels, and the femoral artery was ligated distal to the perfora-
tor emergence. The femoral vein was not altered. The flap was 
then sutured back in place with Prolene 5-0 running sutures. In 
the arterial preconditioning group, an incision was made in the 
inguinal crease 5 days before raising the flap and the femoral ar-
tery was similarly ligated distal to the emergence of the perfora-
tor. Fig. 1 details the operative technique.
Just before closing the skin, the rats received buprenorphine 
subcutaneously (50 μg/kg). Analgesia (buprenorphine, 50 μg/kg 
subcutaneously) was administered postoperatively as needed 
(maximally every 12 hours) according to a standardized animal 
welfare checklist. The rats were observed for 7 days postopera-
tively, with daily assessments of their health status based on stan-
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dard approved checklists. All rats were euthanized on postopera-
tive day (POD) 7 by injecting 150 μg/kg pentobarbital intraper-
itoneally, and death was confirmed by bilateral thoracotomy.
Flap assessment
Digital planimetry
After the rats were euthanized, on POD 7, photographs were 
taken of the flaps from a distance of 40 cm using a Nikon D3300 
camera with a Sigma 18–250 mm lens and a focal length of 75 
mm. The images were then processed with Adobe Photoshop 
(Adobe, San Jose, CA, USA). After the images were converted 
to BMP format, the pixel counts of the viable flap area (with re-
lation to gray levels) and of the total flap area were counted, as 
has been described in the literature [13]. The flap viability area 
was then calculated using the following formula:
Flap viability area = viable area (number of pixels) × 100
                                           total area (number of pixels)
Laser Doppler flowmetry
Scanning laser Doppler flowmetry was performed using an Aï-
mago EasyLDI Perfusion camera (Aïmago SA, Lausanne, Swit-
zerland) on all the marked points (P1, P2, P3) before raising the 
flap, after raising the flap, immediately after completing the op-
eration (postoperatively), and on POD 1 and 7. For group III, 
in which vessel manipulation was performed 5 days before rais-
ing the flap, an additional reading took place just before vessel li-
gation. The results were expressed as mean perfusion units and 
P1 was taken as the reference point. The measured results for 
P2 and P3 were then expressed as percentages relative to P1. 
Statistical analysis
Data analysis was performed with SPSS version 21.0 (IBM 
Corp., Armonk, NY, USA). The non-parametric Kruskal-Wallis 
test was conducted to compare blood flow among the three 
groups. Subsequently, pairwise comparisons were performed 
using the Dunn procedure with the Bonferroni correction for 
multiple comparisons. One-way analysis of variance and Tukey-
Kramer post hoc analysis were used for the normally distributed 
digital planimetry measurements. The results were considered 
statistically significant at P < 0.05.
RESULTS
All animals survived to the experimental endpoint on POD 7 
without any signs of functional impairment in all groups accord-
ing to our checklists.
Digital planimetry
All flaps showed typical distal necrosis (Fig. 2). The flap survival 
areas were significantly different between the groups (F[2,26] =  
29.28; P < 0.001). Fig. 3 shows a graphical representation of the 
Fig. 1. Operative technique
(A) Preoperative markings. (B) After the skin incision, the perforator arising through the biceps femoris muscle is identified. (C) Completed dissec-
tion of the perforator from the posterior side with a minimal protective muscle cuff. (D) Completion of dissection from the anterior aspect, with 
identification of the emergence of the perforator pedicle from the femoral vessels. (E) Inflow manipulation by ligation of the femoral artery distal 
to the perforator emergence. (F) Final image after resuturing the flap in its original position.
A
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digital planimetry results. Data are presented as mean ± standard 
deviation. The highest flap survival percentage was found in group 
II (78.12% ±8.38%), followed by group III (73.09% ±5.75%). 
The control group had the lowest values (56.55% ± 8.38%). 
Laser Doppler flowmetry
The distribution of the blood flow was similar in all groups in all 
tests, as assessed by a visual inspection of the boxplots.
Results for P2
Fig. 4 shows the median percentage values obtained for P2 in all 
groups. The only statistically significant difference between 
groups was seen on POD 7, at which time group II had higher 
values than group I (P = 0.02). 
The within-group analysis revealed a statistically significant 
decrease in the flow between the measurements taken before 
raising the flap and POD 1 (P < 0.05) in all groups. The im-
provement of the flow between POD 1 and POD 7 was statisti-
cally significant in all groups (P < 0.05). The acute inflow opti-
mization group (group II) showed a particularly significant flow 
increase, from a median value of 85.49% to 135.8%, from the 
preoperative measurements to POD 7. 
Results for P3
As depicted in Fig. 5, the flow decreased within all groups be-
tween the measurements taken after raising the flap and POD 7 
(P < 0.05). The difference in the flow between before the flap 
was raised or vessel manipulation was performed and POD 7 
was statistically significant in all groups (P < 0.05). On POD 7, 
group II (acute inflow optimization) was the only group that re-
corded an increased flow in comparison to POD 1 (P < 0.05). 
Furthermore, the flow in group II was significantly higher than 
Fig. 2. Typical appearance of flaps on POD 7
(A) Group I (control). (B) Group II (acute inflow optimization). (C) Group III (arterial preconditioning). POD, postoperative day.
A B C
Fig. 3. Digital planimetry: flap survival area
Group I (control), group II (acute inflow optimization), and group III 
(arterial preconditioning). a)Statistically significant differences 
(P<0.05).
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in the control group (P = 0.004) and the delayed inflow optimi-
zation group (P = 0.01). 
DISCUSSION
A perforator flap is defined as a cutaneous and subcutaneous tis-
sue area nourished by a perforating vascular branch originating 
from an axial vessel and passing through certain structural ele-
ments of the body, besides interstitial connective tissue and fat, 
before reaching the skin [1]. In recent years, major efforts have 
been made to conduct anatomical studies of skin vascularization 
[14]. This constitutes the basis for the development of recon-
structive techniques with low donor site morbidity, especially 
after oncological excision and trauma leading to a loss of sub-
stance with major functional and aesthetic implications [15]. 
Perforator-based flaps, either as free flaps or local pedicled flaps, 
have been established as a reconstructive method. However, lo-
cal perforator flaps have shown a higher rate of partial necrosis 
than free flaps in lower extremity reconstruction [4]; therefore, 
clinical interest has emerged in methods aiming to increase local 
perforator flap survival. 
Supercharging is a procedure intended to improve the arterial 
inflow of a vascularized flap through an additional arterial pedi-
cle or anastomosis, while superdrainage refers to procedures 
performed to optimize the venous outflow of a flap (e.g., by add-
ing another venous pedicle or anastomosis). Although vascular 
manipulations in rat abdominal flaps have been studied before 
[16], the results have generally been conflicting. On one hand, 
some authors found that arterial supercharging alone or com-
bined with venous superdrainage improved the flap survival rate 
compared to venous superdrainage alone or control groups 
[9,17]. On the other hand, studies have reported that venous 
superdrainage yielded a statistically significant improvement in 
flap survival when compared to control groups [7,8,10,18,19]. 
Nonetheless, a general characteristic of all these experimental 
studies is the use of supplemental vascular pedicles to increase 
flap survival. However, clinical experience shows that partial flap 
necrosis is mainly a problem in pedicled perforator flaps [4], 
where the addition of a supplemental pedicle could be anatomi-
cally impossible or surgically undesirable. 
The innovation of our experimental design consists of a differ-
ent way of manipulating the vascular inflow within the perfora-
tor flap pedicle by ligating the femoral artery just distal to the 
perforator, thereby directing the entire femoral artery flow to 
the flap.  
This novel approach does not require the addition of a supple-
mental vascular pedicle, as has been done by other researchers 
investigating flap supercharging; therefore, we chose to use the 
term “inflow optimization” to describe our approach in order to 
avoid confusions. 
Our digital planimetry results clearly showed that optimiza-
tion of arterial inflow in the flap pedicle led to increased flap sur-
vival at POD 7. We chose POD 7 as the endpoint of our study 
based on the extant literature on experimental flap models [20, 
Fig. 4. Laser Doppler flowmetry: results for P2 Fig. 5. Laser Doppler flowmetry: results for P3
Median laser Doppler flowmetry results for P2 at different time 
points. Group I (control), group II (acute inflow optimization), and 
group III (arterial preconditioning). POD, postoperative day.
Median laser Doppler flowmetry results for P3 at different time 
points. Group I (control), group II (acute inflow optimization), and 
group III (arterial preconditioning). POD, postoperative day.
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21] and on the extensive research of Taylor et al. [22] showing 
that vascular delay reaches its maximum after 48−72 hours and 
remains this way afterwards. Our data suggest that it makes no 
significant difference whether optimization of arterial inflow is 
performed acutely or as a preconditioning strategy. Although 
the acute optimization strategy (group II) showed higher sur-
vival rates, the difference from group III did not reach statistical 
significance; therefore, we have no empirical basis upon which 
to make a strong recommendation regarding the timing of opti-
mization of arterial inflow. 
Preconditioning of a flap with the purpose of opening the 
choke vessels that exist between neighboring territories, as an 
attempt to capture angiosomes that would otherwise be lost, 
has been clinically and experimentally investigated in models of 
flap delay [21,22]. Classic delay refers to a flap border incision, 
while strategic or vascular delay is defined as the specific ligation 
of vessels before flap elevation [23]. Although we do use selec-
tive, specific vessel ligation, we do not induce controlled isch-
emia in the flap region as is done in classical flap delay. There-
fore, we consider our model not to be a flap delay model, but an 
alternative way to optimize blood flow in the pedicle, acutely or 
as a preconditioning strategy. 
According to the angiographic studies conducted by Coskun-
firat et al. [12] in this same flap model, the three points we 
marked on the flaps corresponded to the center of three separate 
angiosomes: the first one (P1) supplied by the musculocutane-
ous perforator arising from the femoral artery, the second one 
(P2) supplied by the deep circumflex iliac artery perforator, and 
the third one (P3) receiving its blood supply from the intercos-
tal arteries. 
For P2, corresponding to the second angiosome, the lowest 
flow values in all flaps were encountered on POD 1, after which 
the flow increased in all groups. Taylor et al. [22] recorded a 
spasm of the choke vessels immediately after the operation. Af-
terwards, these vessels continued to dilate, reaching their great-
est expansion 48–72 hours postoperatively. By POD 7, the en-
largement of the choke vessels reached a plateau that was main-
tained. Our study revealed the same phenomenon, but was 
quantified by means of laser Doppler flowmetry, with a statisti-
cally significant increase in the flow between POD 1 and POD 
7 in all groups.
In the third angiosome (P3), all groups showed a statistically 
significant decrease in flow between the first measurement and 
POD 7. This result was anticipated, since this phenomenon has 
already been described in the literature [12], but the inflow op-
timization group had statistically significantly higher values than 
the other groups. This result could be accounted for by the in-
crease in flow between POD 1 and POD 7. 
Our study clearly shows that inflow optimization in the flap 
pedicle had significant effects on flap survival in a musculocuta-
neous perforator flap model in rats. Although the laser Doppler 
data suggest involvement of the complex choke vessel system, 
the mechanism underlying these changes remains largely un-
known. 
Our experimental work naturally has some limitations; for in-
stance, it did not investigate the role of venous drainage in flap 
survival. Even though manipulation of the femoral vein (i.e., li-
gation of the vein distal to the perforator) is possible, this proce-
dure would eliminate the Venturi effect, which has been shown 
to make a large contribution to blood flow from the perforating 
to the deep veins [24,25] and therefore might actually reduce 
venous flow. Furthermore, in our experiment we did not ob-
serve venous congestion in any flaps, suggesting that the in-
creased blood flow in the flap can be readily drained by the ped-
icle veins. However, it is clear that more extensive studies of this 
perforator flap model are necessary to definitively address the 
role of venous drainage. Another shortcoming of our study is 
the lack of data to ascertain the mechanisms by which in-pedicle 
flow optimization leads to increased tissue perfusion and the 
observed flap survival benefits. Further studies should investi-
gate the mechanisms of angiogenesis that are ultimately respon-
sible for our results. 
The reconstructive surgical literature has shown that perfora-
tor flaps raised as free flaps have a significantly lower rate of par-
tial flap necrosis than local pedicled perforator flaps [4]. Our 
data experimentally confirm these clinical observations by 
showing that flaps with acute inflow optimization (group II) 
had significantly better survival. A free perforator flap is by defi-
nition a flap with acute inflow optimization, since all flow is di-
rected to the flap’s pedicle; therefore, our data suggest that this 
leads to better flap survival and the observed reduction in partial 
necrosis. Therefore, we propose that our data have the following 
implications for clinical practice regarding local pedicled perfo-
rator flaps: First, for a local pedicled perforator flap perforator, 
dissection should be carried out to the main emerging arteriove-
nous bundle and the artery should be ligated when doing so is 
clinically feasible (e.g., propeller flaps in the trunk, back, or par-
tially in the thigh). Second, if the main source artery of a local 
pedicled perforator flap is already ligated or thrombosed distal 
to the perforator’s emergence (e.g., a non-reconstructed arterial 
lesion in the lower leg with good perfusion), it is safe to assume 
that a flap raised on the first viable perforator would have good 
perfusion, thereby providing a solid indication for this tech-
nique in selected cases.
Overall, although we showed that optimization of arterial flow 
in the pedicle of a musculocutaneous perforator flap in a rat 
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model led to increased flap survival regardless of whether it was 
performed acutely or as a preconditioning strategy, it should be 
noted that these are preliminary results. Although they could 
have clinical implications, further characterization of the mecha-
nisms involved in improved flap survival should be first ad-
dressed.  
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